Magnetic tunnel junctions ͑MTJs͒ with partially oxidized 9 Å AlO x barriers were recently shown to have the characteristics needed for magnetoresistive sensors in high-density storage devices ͑tunneling magnetoresistance ϳ20%; RA ϳ 0.5 ⍀ m 2 ͒. Here we study the electrical transport in such low-resistance, underoxidized magnetic tunnel junctions. Under a low bias current, the tunnel magnetoresistance ratio reveals jumps between two closely separated levels, an effect associated with spin dependent transport through localized defects in the insulating barrier. We further show that dielectric breakdown at high applied electrical current is of an extrinsic nature. Temperature-dependent measurements of the electrical resistance ͑R͒ of MTJs ͑300-20 K͒ with extremely small oxidation times reveal a metallic-like behavior ͑dR / dT Ͼ 0͒, although a large magnetoresistive ratio is still observed ͑16% at T = 300 K and 28% at T =20 K͒.
I. INTRODUCTION
Magnetic tunnel junctions ͑MTJs͒ consisting of two ferromagnetic ͑pinned and free͒ layers separated by an insulating barrier are strong candidates for magnetoresistive sensors in high-density storage devices. Requirements for actual MTJ-sensor implementation include low resistance-area product ͑RA Ͻ 1 ⍀ m 2 ͒ and reasonable tunnel magnetoresistance ͑TMRϾ20%͒. Such goals are being intensively pursued, usually by decreasing the thickness of the insulating barrier well below 10 Å ͑ultrathin barriers; ϳ5-6 Å͒. A different approach recently showed that similar TJ characteristics ͑high TMR, low RA͒ can be obtained by only partially oxidizing thicker ͑9 Å͒ AlO x barriers. 1 Decreasing oxidation time leads to a decrease of both TMR and RA. Nevertheless, fairly high TMR ͑TMRϳ 20%; RA ϳ 2-5 ⍀ m 2 ͒ is still observed even when the oxidation process is performed with the shutter closed. Furthermore, a small number of MTJs showed very low RA value ͑ϳ0.5 ⍀ m 2 ͒ while preserving the same TMRϳ 20%.
Here we study the magnetotransport in these lowresistance, underoxidized MTJs. Under a low bias current, the electrical resistance in both parallel ͑R P ͒ and antiparallel ͑R AP ͒ states presents jumps between two closely separated ͑␦R / R ϳ 0.6% ͒ stable levels. These jumps are about 10 times more frequent for the antiparallel alignment of the ferromagnetic layers. This effect is here associated with spindependent electron tunneling through localized defects in the insulating barrier. [2] [3] [4] We further show that such defects are the cause of the extrinsic dielectric breakdown observed at high applied electrical current. 5 We also measured the temperature ͑T͒ dependence of the electrical resistance and TMR in the 300-20 K range. In the low-resistance MTJs with an AlO x barrier formed during extremely small oxidation times ͑25 s, with the shutter closed͒ we observe a metallic-like R͑T͒ behavior ͑dR / dT Ͼ 0͒. However, the magnetoresistance ratio is still fairly large even at room temperature ͑ϳ16% ͒. This suggests that metallic nanoconstrictions ͑unoxidized Al͒ play an important role in the magnetotransport of underoxidized tunnel junctions.
II. EXPERIMENTAL DETAILS
In this work, we studied series of ion beam deposited magnetic tunnel junctions with different oxidation times. 1, 6 The complete structure of the tunnel junctions studied was glass/ Al͑70 Å͒ /Ta͑90 Å͒ / NiFe͑70 Å͒ / CoFeB͑50 Å͒ / AlO x ͑9 Å͒ / CoFeB͑40 Å͒ /Ru͑6 Å͒ / CoFeB͑40 Å͒ / MnIr͑250 Å͒ / Ta͑90 Å͒ / TiW͑N͒͑150 Å͒, where NiFe, MnIr, CoFeB, and TiW͑N͒ stand for Ni 80 Fe 20 , Mn 78 Ir 22 , Co 73.5 Fe 16.5 B 10 , 7 and Ti 10 W 90 ͑N͒, respectively. The junctions were patterned to a rectangular shape with areas between 1 ϫ 1 m 2 and 3 ϫ 8 m 2 by a self-aligned microfabrication process. The AlO x barrier was formed by a remote Ar/ O 2 plasma ͑110 W rf in a 20 cm diam assist ion gun͒, 60 cm away from the sample. 1 Ions drift to the chamber due to pressure gradient only ͑no acceleration voltage on the gun grids͒. The oxidation is divided into three consecutive stages with total oxidation time ͑t 1 ͒ + ͑t 2 ͒ + t 3 . During the first two stages ͑t 1 ͒ + ͑t 2 ͒ the sample is protected by a shutter, preventing most of the oxygen from reaching the sample. The plasma O 2 content is also progressively increased: during the first stage the plasma is created with 4 sccm ͑Ar͒ + 20 sccm ͑O 2 ͒ at a pressure P = 6.5ϫ 10 −5 Torr, and in the following two stages, one has 4 sccm ͑Ar͒ + 40 sccm ͑O 2 ͒ at P = 1. characteristics were simultaneously measured at room temperature ͑RT͒ with a fully automated KLA10007E wafer probe station. Measurements were performed as follows: under the electrical current I one measures the resulting voltage drop in both the parallel ͑V P ͒ and antiparallel ͑V AP ͒ states. A small current ͑I 0 Ϸ 0.1 mA͒ is then applied and V P ͑I 0 ͒ and V AP ͑I 0 ͒ measured again. The same procedure is performed for −I. The electrical current I is then increased and the above set of measurements repeated. This method allows us to obtain detailed data on the measured tunnel junction: the V P ͑I͒ and V AP ͑I͒ characteristics, the TMR͑I͒ behavior and the TMR under I 0 after I has been applied ͑allowing a more detailed study of dielectric breakdown͒. Temperaturedependent measurements were performed using the fourpoint dc method, with a current stable to 1:10 6 and an automatic control and data acquisition system. 8 
III. EXPERIMENTAL RESULTS
The dependence of the tunnel magnetoresistance on the applied bias current TMR͑I͒ of a MTJ with ͑30 s͒ + ͑30 s͒ + 5 s oxidation time is displayed in Fig. 1͑a͒ ͑solid squares͒. Also shown are the TMR values measured under I 0 Ϸ 0.1 mA, after the current I was applied ͑open circles͒. Figure 1͑b͒ depicts the V͑I͒ characteristics in both the parallel and antiparallel states. Using Simmon's model, 9 one obtains the barrier thickness ͑d ϳ 10 Å͒ and height ͑ ϳ 0.6 eV͒ of the tunnel junction. The small barrier height is indicative of the underoxidation of the barrier.
The TMR͑I͒ curve ͓Fig. 1͑a͒; solid squares͔ displays the usual TMR decrease with increasing bias current. However, increasing I also leads to several breakdown events ͑see arrows͒. At the first breakdown point ͉͑I͉Ϸ45 mA͒, all TMR͑I͒, V P , and V AP show a slight and gradual decrease, a behavior that we associate with defect-driven extrinsic breakdown of the barrier. 5 Two more breakdown events are visible at higher applied electrical current ͉͑I͉Ϸ60 mA and Ϸ80 mA͒, bringing TMR to zero and further reducing V P and V AP ͑lower R values͒. Breakdown in these TJs then seems to occur at different, localized spots of the barrier, likely where a large concentration of defects ͑oxygen vacancies͒ exists.
The electrical resistance of the parallel ͑R P ͒ and antiparallel ͑R AP ͒ states ͑Fig. 2; measured under I 0 ͒ is observed to fluctuate between two closely separated ͑␦R / R ϳ 0.6% ͒ stable R levels. While R P is most of the times in the low R level with rare fluctuations to the higher R level, R AP is preferentially in the higher R level. These fluctuations are about 10 times less frequent for parallel alignment of the pinned and free layers indicating that this phenomenon is spin dependent. Consequently, TMR also shows similar fluctuations ͑inset of Fig. 2͒ . This phenomenon is likely related with transport through localized defects in the insulating barrier, leading to the closing/opening of conductance channels [2] [3] [4] through the trapping/untrapping of electrons by oxygen vacancies in the AlO x underoxidized barrier. When an electron is captured by the barrier, conduction within a volume ϰd 3 is blocked, 4 thus decreasing the overall MTJ conductance. When the MTJ is in the antiparallel state, there is an electron trapped in a defect most of the times ͑the higher R level is more frequent͒ because ͑spin dependent͒ tunneling to the other electrode is less probable in this magnetic configuration. However, in the parallel state, the tunneling probability is higher and electrons are not often trapped.
Finally, we comment on the temperature dependence of the resistance and magnetoresistance of tunnel junctions with extremely small ͑25 s͒ + ͑00 s͒ + 00 s oxidation time ͑Fig. 3; A =3ϫ 8 m 2 and RA Ϸ 12 ⍀ m 2 ͒. We observe that the electrical resistance decreases with decreasing temperature, denoting a metallic-like behavior. However, TMR increases with decreasing temperature ͑ϳ16% at RT and ϳ28% at T =20 K͒. Thus, although tunnel transport ͑which would lead to dR / dT Ͻ 0͒ is not dominating in this MTJ, a large magnetoresistance is observed. Furthermore, I͑V͒ characteristics ͑not shown͒ have a quasilinear behavior ͑d Ϸ 5 Å; Ϸ 0.3 eV͒ up to the breakdown point ͑I Ϸ 60 mA͒. Breakdown in these samples is characterized by a change in the values of TMR ͑that decreases to zero͒ and R AP , but not of that of R P ͑that remains constant͒. We believe that nano- bridges of metallic Al connecting both electrodes may play an important role in transport in extremely underoxidized MTJs. In particular, the large magnetoresistance may originate not only from tunneling but also from ballistic conductance 10 or current confined paths. 11 Further investigations are still necessary to correlate the observed large TMR and the metallic R͑T͒ behavior.
IV. CONCLUSIONS
We showed that transport in underoxidized MTJs is controlled by nanoconstrictions and defects within the AlO x barrier. We observed that TMR and both R P and R AP fluctuate between two closely separated levels, and this effect was associated with spin dependent transport through localized defects in the barrier. R͑T͒ measurements on MTJs with extremely small oxidation times show a metallic-like behavior ͑dR / dT Ͼ 0͒, although a large magnetoresistive ratio is still observed.
